Abstract We developed a one-dimensional hybrid model to simulate the DC/RF combined driven capacitively coupled plasma for argon discharges. The numerical results are used to analyze the influence of the DC source on the plasma density distribution, ion energy distributions (IEDs) and ion angle distributions (IADs) on both the RF and DC electrodes. The increase in DC voltage drives more high-energy ions to the electrode applied to the DC source, which makes the IEDs at the DC electrode shift towards higher energy, and the peaks in the IADs shift towards small angle regions. At the same time, it also decreases the ion energy at the RF electrode and enlarges the incident angles of the ions, which strike the RF electrode.
Introduction
Capacitively coupled plasmas (CCP) have been widely used in materials processing, especially for thinfilm deposition and etching in microelectronic manufacturing [1] . However, the conventional capacitively coupled reactor driven by a single frequency (typically 13.56 MHz) does not allow the independent control of the ion flux and bombardment energy. To improve the performance of conventional one-frequency CCP, other kinds of CCP sources have been developed. One typical plasma source is dual-frequency capacitively coupled plasma (DF-CCP), which is driven by two RF sources with different frequencies. The plasma density or ion flux is mainly determined by the high-frequency source, while the bombardment energy is controlled by the low-frequency source. The DF-CCP allows independent control of the plasma density and bombardment energy in etching applications, and therefore has gained great interest since it was first introduced in the early 1990s [2∼11] . Another type of plasma source is DC/RF combined driven CCP, which is controlled by one DC source and one RF source.
DC/RF combined driven discharge was introduced in the 1950s. YAMAMOTO and OKUDA studied three types of discharge sustained by a DC and an RF source [12] . The three discharge types which had been classified according to the DC conduction were called: (a) space charge-limited type, with the discharge mainly sustained by the RF field; (b) DC glow type, a DC dominant discharge with additional ionization by the RF field; and (c) transition type, an intermediate stage between the first and the second types. From then on, many studies on DC/RF combined driven plasma discharge have been reported [13∼18] . By solving the Boltzmann equation, ALVES and FERREIRA studied electron kinetics in helium discharge heated with DC and RF fields [14] . ZAHEDUL and HIROHARU reported experimental results on the dynamic potential formation of the RF sheath in a DC discharge argon (Ar) plasma [15] . As the etching process has been developed swiftly in recent years, specific reactor performance is now required, and therefore the DC/RF combined driven CCP has gained great interest for its fine etching uniformity control and notching effect suppression in the etching process [19∼27] . LISOVSKIY et al. added DC and RF sources on the same electrode and experimentally studied the three discharge modes and the mode transitions in lowpressure nitrogen [19, 20] . They referred to the three discharge modes as follows. (1) Non-self-sustained RF discharge perturbed by the DC electric field. In this mode the main ionization occurs in the bulk plasma region due to the RF electric field. (2) Combined discharge. The DC electric field leads to ionization of gas molecules through electron avalanches near the cathode, and at the same time the RF electric field supports the ionizations in the plasma volume. (3) Non-selfsustained DC discharge perturbed by the RF electric field. The discharge is mainly sustained by the ionizations in the cathode sheath due to the DC electric field, and the RF electric field makes a certain contribution to the ionizations in the discharge volume [19] . DENPOH and VENTZEK used the MCC method to investigate the role of ballistic electrons in a hybrid DC/RF CCP [21] . KAVAMURA et al. [22, 23] developed an analytical model and a particle-in-cell and Monte Carlo (PIC/MC) model to study the characteristics of the DC/RF combined driven CCP source. The results of their research show that the DC voltage mainly affects the thickness and voltage of the sheath near the DC source. Adding a DC source to the CCP discharge increased the overall discharge efficiency and could control the electron flux incident on the electrode [22] . JIANG et al. [26, 27] developed a PIC/MC model and studied the heating mechanisms in detail.
However, a PIC/MC model is much more timeconsuming than a fluid model, especially for the simulations involving long timescales and large ranges of space. In order to get a quick and precise prediction of the plasma behavior in a DC/RF combined driven CCP, in this article, a one-dimensional fluid/MC hybrid model is introduced to simulate the DC/RF combined driven CCP for Ar discharges. It is well known that ion flux plays an important role in the surface etching process. Therefore, the study of ion energy distributions (IEDs) and ion angle distributions (IADs), which are key parameters in etching processing, is necessary. Compared with previous works, we focus our attention on the IEDs and IADs striking the electrode, and make a comparison of IEDs and IADs between the two electrodes driven, respectively, by the DC and RF source in combined driven plasma. In section 2 the description of the one-dimensional fluid/MC hybrid model is presented for the combined discharge. The numerical results and discussions are given in section 3, and finally a brief conclusion is drawn in section 4.
Description of the onedimensional hybrid model
The hybrid model used in this article contains a fluid model and a Monte Carlo model. The fluid model is used to describe the physical parameters in the bulk plasma region where the equilibrium conditions are satisfied, while the MC model is used to describe the electrons and ions passing through the sheath where the species are far from thermal equilibrium. A schematic diagram of the dual-frequency capacitively coupled plasma reactor is shown in Fig. 1 , in which the two electrodes separate from each other with a distance, L. The lower electrode at x = 0 is driven with a sinusoidal RF voltage, V = V RF sin(ω RF t), and a negative DC voltage, V = V DC , is applied to the upper electrode at x = L. The RF and DC subscripts represent the RF and DC sources, respectively. 
The fluid model
The fluid model consists of continuity and momentum equations for electrons and ions, the energy balance equation of electrons, and Poisson's equation. Since the pressures are not too low, the mean freepath for electron-neutral collisions is much less than the characteristic lengths of the discharge chamber, and the drift-diffusion approximation is valid for describing the electron flux in this fluid model. The equations used in the fluid model are presented in detail in our previous work [28] . In this article, we study the first mode of the combined discharge called "the space charge limited type [12] " or "a non-self-sustained RF discharge perturbed by a DC electric field [19] ". In this mode, the ionization occurs mainly in the bulk plasma, and the ionization created by the applied DC voltage does not play an essential role. Therefore, the secondary electron emission is neglected. The boundary conditions used in the fluid simulation are assumed as follows. The normal electron flux directed to the electrodes is given by
where u th = 8Te πme is the electron thermal velocity and Θ is the electron reflection coefficient. The electron energy flux to the electrodes is defined as
and the ion density and velocity gradients are set to be zero at the electrodes, i.e. ∂n i /∂x = 0 and ∂u i /∂x = 0. The equations for the electrons are discretized by the Scharfetter-Gummel scheme [29] , while the ion equations are discretized by the upwind scheme. The upwind scheme is used for spatial discretization of the electron equations, and the flux-corrected transport technique [30] is used for the ion equations. At the beginning of a fluid simulation, the distributions of plasma density and temperature are homogeneous with initial plasma number density n 0 = 10 9 cm −3 and electron temperature T e =2 eV. When the system reaches a steady state, typically after 1000 RF frequency cycles, the MC simulation begins.
The Monte Carlo model
In the MC model, the trajectory of the particles are calculated by Newton's equations, with the electric field calculated from the fluid model and the collisions between these particles determined by a series of random numbers according to the collision cross sections. For the Ar plasma, we assume that the neutral species have a uniform distribution in space with a Maxwellian velocity distribution, and the temperature of the neutral gas is the same as used in the fluid model. The collisions for the electrons considered for the Ar plasma are elastic scattering (e+Ar → e+Ar), excitation (e+Ar → e+Ar * ) and ionization (e+Ar → 2e+Ar + ). For the ion-neutral collisions, the elastic scattering (Ar + +Ar → Ar + +Ar), and the charge exchange collision (Ar + +Ar → Ar+Ar + ), are included in the present model. In order to reduce the computational time, the nullcollision method is used, in which the collision probabilities for all the particles are independent from the energy and position.
where ν max =max(n g (x)) max(σ T (ε)ν), n g is the density of the target species and σ T is the total cross section for all types of collisions. In each time step, instead of all particles, only the P Total percentages of the particles in the MC model need to be treated. The equations which determine the particle trajectory are given in Ref. [31] . The initial velocity of each electron and ion followed in the MC model has been obtained from the fluid model. The numbers of electrons and ions falling into the sheath at each time step are in proportion to the electron and ion flux determined by the fluid model. Each particle in the MC model is followed in the sheath region until they reach the electrode where they are absorbed. To obtain a stable statistical result, the MC model runs for hundreds of RF periods, during which the energy and angle of each particle that strikes the electrode are recorded for statistical calculation of the IEDs and IADs.
Results and discussion
In the present work, special attention has been paid to the influence of DC voltage on the plasma density, the sheath character and the IEDs and IADs. The input parameters used in the simulation are chosen as follows: the gap width is L =20 mm, the discharge pressure is P =50 mTorr, the voltage and frequency of the RF source is V RF =200 V, and f RF =30 MHz.
The time averaged spatial distributions of electron and ion density are shown in Fig. 2 , with a DC voltage of V DC =0 V, −300 V, applied on the upper electrode, respectively. With V DC =0 V, the RF-CCP has a symmetry structure, however, by applying a DC voltage of V DC = −300 V, the spatial distribution in DC/RF-CCP is asymmetrical with an enlarged sheath on the DC electrode side and a relatively short sheath on the RF electrode side. The asymmetric density profile is caused by the DC source, which forms a DC sheath on the base of an RF sheath, and significantly enlarges the sheath thickness near the DC electrode. Fig. 3 presents the plasma density under different DC voltages: V DC =0 V, −100 V, −200 V, and −300 V. As DC voltage increases, the plasma density decreases significantly. This is mainly because in the present discharge mode, ionization occurs mainly in the bulk plasma region. A larger DC voltage leads to an enlargement of the sheath thickness and a corresponding decrease of the plasma region, which causes a decrease of the total ionizations of the discharge and consequently decreases the plasma density. Figs. 4 and 5 , respectively. The increase in DC voltage makes the width of the IEDs narrower and the peaks shift towards the lower energy region. This is because the entire energy level of the ions is mainly determined by the RF source, and the total energy of the ions in the bulk plasma remains constant for the same parameters of the RF source. The IEDs at the lower electrode are determined by the RF sheath, which is almost undisturbed by the DC voltage applied on the other side, and therefore the shapes of the IEDs remain unchanged. However, an increasing DC voltage slightly decreases the time averaged potential drop of the RF sheath at the lower electrode, which leads to the energy drop shown in Fig. 4 . Since the IADs are mostly determined by the velocity perpendicular to the electrode, with the increase in DC voltage, the perpendicular speed of the ions to the RF electrode decreases, which leads to the shifting of the IADs towards the large angle region. To identify the discussions mentioned above, the IEDs at the upper electrode are presented in Fig. 6 . This clearly shows that as the DC voltage increases, the width of the IEDs extends and the peaks shift towards the higher energy region. This is because the ions which strike the upper electrode are accelerated by the total average voltage drop across the upper sheath. The total average voltage drop is larger than the average sheath potential drop at the lower electrode because it consists of the applied DC voltage and the time averaged RF sheath potential. This explains the finding that the DC voltage attracts more high-energy ions to the upper electrode, which decreases the ion energy striking the RF electrode. Fig. 7 shows the IADs at the DC electrode for different DC voltages. By increasing the DC voltage, more ions can attain a high speed normal to the surface, and therefore more ions have small angles perpendicular to the DC electrode, which leads to the shifting of the IAD peak towards small angle values. 
Conclusion
In the present paper, a one-dimensional hybrid model was used to simulate a DC/RF combined driven capacitively coupled argon discharge, with the main attention paid to the DC effect on the characteristics of the plasma and the IEDs and IADs at the electrodes. The spatial symmetry of plasma density is disturbed by the DC source, which induces a DC sheath near the electrode. As the DC voltage increases, the DC sheath expands and the bulk plasma region contracts, which leads to a decrease in plasma density. The increase in DC voltage also impels more ions with high energy to strike the electrode the DC source is applied to, which makes the IEDs at the DC electrode shift towards higher energy, and the IAD peaks shift towards the smaller angle region. At the same time, the increase in DC voltage also decreases the ion energy at the RF electrode and enlarges the incident angles of the ions, which strike the RF electrode.
